Atherosclerosis is a chronic inflammatory disease. Lesion progression is primarily mediated by cells of the monocyte/macrophage lineage. IL-17A is a proinflammatory cytokine, which modulates immune cell trafficking and is involved inflammation in (auto)immune and infectious diseases. But the role of IL-17A still remains controversial. In the current study, we investigated effects of IL-17A on advanced murine and human atherosclerosis, the common disease phenotype in clinical care. The 26-wk-old apolipoprotein E-deficient mice were fed a standard chow diet and treated either with IL-17A mAb (n = 15) or irrelevant Ig (n = 10) for 16 wk. Furthermore, essential mechanisms of IL-17A in atherogenesis were studied in vitro. Inhibition of IL-17A markedly prevented atherosclerotic lesion progression (p = 0.001) by reducing inflammatory burden and cellular infiltration (p = 0.01) and improved lesion stability (p = 0.01). In vitro experiments showed that IL-17A plays a role in chemoattractance, monocyte adhesion, and sensitization of APCs toward pathogenderived TLR4 ligands. Also, IL-17A induced a unique transcriptome pattern in monocyte-derived macrophages distinct from known macrophage types. Stimulation of human carotid plaque tissue ex vivo with IL-17A induced a proinflammatory milieu and upregulation of molecules expressed by the IL-17A-induced macrophage subtype. In this study, we show that functional blockade of IL-17A prevents atherosclerotic lesion progression and induces plaque stabilization in advanced lesions in apolipoprotein E-deficient mice. The underlying mechanisms involve reduced inflammation and distinct effects of IL-17A on monocyte/macrophage lineage. In addition, translational experiments underline the relevance for the human system.
P rogressive atherosclerosis, the leading cause of death and disability worldwide, may lead to rupture of vulnerable vascular plaques, causing atherothrombosis and vessel occlusion (1) . Chronic inflammatory processes are important mechanisms that lead to atherosclerotic lesion development and progression (1) . Recent studies have shown that plaque progression is predominantly caused by monocyte recruitment and/or local proliferation of macrophages (2, 3) , whereas plaque stabilization and regression is characterized by reduced macrophage accumulation due to predominantly reduced monocyte recruitment, but also migratory egress of macrophages (4) .
The proinflammatory cytokine IL-17A modulates immune cell trafficking, mainly through induction of chemokines, thereby initiating inflammation and cytokine production in several autoimmune diseases (5, 6) . IL-17A is produced by various inflammatory cells, including T cells and macrophages, and modulates the expression of several proinflammatory molecules (TNF-a, IL-1b, and CCL2 [MCP-1]) and matrix metalloproteinases (5, 7) . Previously, our group and others (7) (8) (9) (10) (11) have shown that inhibition of IL-17A influenced atherosclerotic lesion development in mice with partially controversial results. Because the highest expression rates of IL-17A were observed in human carotid artery plaques derived from symptomatic patients with stroke or transient ischemic attack (12, 13) , IL-17A may be linked to vulnerability of human atherosclerotic lesions.
The goal of the present work was to study the effects of IL-17A on advanced lesion progression, the common disease phenotype in clinical care, in apolipoprotein E-deficient (Apoe 2/2 ) mice, additional effects on atherogenic cells, and translation to the human system.
Materials and Methods

Animals
Male Apoe 2/2 mice 26 wk of age (strain B6.129P2) on a C57BL/6J background (n = 30) were kept within the animal care facility of the University of Heidelberg. Mice were fed a normal chow diet. A total of 100 mg blocking mouse IgG1 anti-IL-17A mAb, kindly provided by F. Di Padova (3-784-9; Novartis Institutes for BioMedical Research) (n = 15), or of isotype IgG1 (n = 10) was administered i.p. once a week for 16 wk. In addition, 26-wk-old Apoe 2/2 mice (n = 5) were used to quantify lesion area at baseline. Housing and care of animals and all procedures were performed in accordance with the guidelines and regulations of the local Animal Care Committee (Institutional Review Board approval AZ G-41/08).
Tissue processing
For RNA isolation, aortic arches were dissected and snap-frozen as described previously (7) . We calculated the cross sectional area by taking the mean surface area of the lesion of each section of each mouse (mm 2 ). The fractional stenosis was calculated by dividing the surface of the lesion area by the surface of the vessel (including plaque area) and multiplied by 100 (%). The maximum stenosis was analyzed by dividing the vessel area including the lesion area by the vessel area without the lesion area of the section with the highest grade of stenosis of each mice and multiplied by 100 (%).
Quantification of atherosclerotic lesions in the aortic root
After sacrifice, mice were perfused by cardiac puncture with 0.9% NaCl. Afterwards, aortic root was dissected, embedded in OCT, and stored at 220˚C. For immunohistochemistry, the aortic root was serially sectioned in 5-mm sections. A section was stained every 75 mm in the direction of the aortic arch with Oil Red O and hemalaune, beginning from the point at which all three aortic valve leaflets first appeared. Routinely, approximately eight consecutive histological sections per mice, taken every 75 mm and covering the root of the aorta, were used to analyze the atherosclerotic lesion and the vessel area. All stainings were captured under identical lighting, microscope, camera, and PC conditions and stored as TIFFs. Slides were analyzed using a Nikon Eclipse TE 2000-E inverted system microscope connected to a Hewlett Packard computer with NIS-Elements AR 2.30 software (Nikon, Duesseldorf, Germany).
For morphometric analysis of the fibrous cap, the thickness was measured in six parts of the cap. The mean thickness of the fibrous cap was calculated for each section of each mice and compared between groups.
Immunohistochemistry and Movat pentachrome staining
Briefly, after fixation in acetone primary Abs against the following Ags were used and titrated to optimum performance: CD3, VCAM-1 (both BD Pharmingen), CD11c (eBioscience), a-smooth muscle actin (Dianova), CD206 (AbD Serotec), Mac-2 (Accurate Chemie), and B220 (Affymetrix). Isotype-and concentration-matched rat control mAb served as negative controls. Biotinylated goat anti-rat IgG (Jackson ImmunoResearch Laboratories) was used as a secondary reagent (1/100, 30 min at room temperature). For plaque composition analyses, Movat pentachrome staining was performed. A thresholding technique using computerized ImagePro analysis was implemented for analysis of the aortic root sections.
Determination of plasma lipid concentration and plasma cell composition
Total serum cholesterol, high-density lipoprotein, low-density lipoprotein (LDL) cholesterol, triglycerides, and blood counts were analyzed by the department of clinical chemistry of the University of Heidelberg.
Real-time PCR
The RNeasy kit (Qiagen), cDNA kit (Roche Diagnostics), and Roche realtime PCR kit with SYBR Green (Roche Diagnostics) were used as described previously (7) . Primer sequences are shown in Table I .
ELISA
Protein expression was measured in the supernatant of the ex vivo model as well as RANTES and GM-CSF in the serum of all mice (42 wk) using appropriate ELISAs (SABiosciences) according to the manufacturers' instructions.
Flow cytometry
For flow cytometry, macrophages were harvested by gentle cell scraping and labeled with the appropriate Abs (CD68, CD36, CD206, inducible NO synthase [iNOS], CD11b, CD14, CD16, CXCL6, and CXCL1; BD Pharmingen) as described previously (7) .
Stimulation of explanted human atherosclerotic plaque tissue
Twelve soft lipid-rich human carotid artery plaques from patients undergoing endarterectomy were obtained. Plaque tissues were cut into small pieces (3 mm), randomly distributed into wells of a 48-well plate, and cultured in RPMI 1640 medium at 37˚C in humidified air containing 5% CO 2 . Tissue fragments of the same patient were stimulated with 10ng/ml IL-17A, 1 mg/ml LPS, 10 ng/ml IFN-g, and 5 ng/ml TNF-a alone or in combination for 3 and 8 h, respectively. Unstimulated plaque pieces of the same patient's probe served as controls.
Adhesion of human platelets and monocytes to endothelial cells under dynamic conditions
HUVECs were isolated as described previously (7) . Adhesion experiments were performed as described previously (14) .
Human macrophage polarization and gene chip experiments
For macrophage polarization, monocyte-derived macrophages were stimulated with 10 ng/ml IL-17A for 18 h. Unstimulated macrophages served as control. After 18 h RNA was isolated from macrophages using columns including a DNAse-step followed by reverse transcription. RNA was labeled and hybridized to Illumina expression profiling for whole genome BeadChipSentrix array (kindly provided by Hudler, German Cancer Research Center). For blood withdrawal, patients gave written consent, and the study was approved by the local institutional ethics committee.
Effects of IL-17A on macrophage differentiation
Human monocyte-derived macrophages were generated. To investigate the impact of IL-17A on macrophage differentiation, isolated monocytes were incubated either with 100 ng/ml rhM-CSF or with 10 ng/ml IL-17A or both for 6 d. After 6 d for macrophage differentiation, RNA was either isolated from macrophages using columns including a DNAse-step followed by reverse transcription (all reagents from Qiagen), or cells were harvested for flow cytometry analysis.
Effects of IL-17A on macrophage/dendritic cell-mediated T cell activation PBMCs were isolated from peripheral blood as described above. CD4 + T cells were isolated by positive selection according to the manufacturer's instructions (Miltenyi Biotec). For dendritic cell (DC) differentiation, isolated monocytes were incubated in X-Vivo 15 (BioWhittaker) supplemented with 1.5% inactivated human plasma and 10 ml/ml penicillin/ streptomycin at 37˚C in a humidified air containing 5% CO 2 . The cells were stimulated with 200 U/ml GM-CSF (ImmunoTools) and 1000 U/ml IL-4 (ImmunoTools). One milliliter medium supplemented with 400 U/ml GM-CSF and 1000 U/ml IL-4 was exchanged on day 3 and 5.
For T cell activation assays, macrophages or DCs were incubated in 96-well round-bottom plates in RPMI 1640 supplemented with 10% FCS and stimulated with 20 mg/ml oxidized LDL (oxLDL; Sanbio), 100 ng/ml IL-17A (R&D Systems), or oxLDL in combination with IL-17A for 6 h. As a negative control, RPMI 1640 was used. After 6-h preincubation, CD4 + Tcells were added in a ratio of 1:5 and stimulated for 8 and 18 h. After stimulation, T cells were pooled and resuspended in 400 ml MagNA Pure Lyse-Buffer (Roche) with 10 mg/ml DTT (Roche). Subsequently, RNA was isolated and used for cDNA synthesis.
OxLDL-induced foam cell formation
For the oxLDL uptake assay, macrophages were exposed to 10 mg/ml DiI-labeled oxLDL (Hycultec) (in addition to 10 ng/ml IL-17A) for 4 h at 37˚C. Subsequently, cells were washed, and fluorescence intensity was assessed by flow cytometry (FACSCalibur; BD Biosciences). Untreated macrophages served as negative controls.
For the foam cell formation assay, macrophages were exposed to 10-20 mg/ml oxLDL (Hycultec) (in addition to IL-17A) for 24 h at 37˚C. After washing the cells, we performed an Oil Red O staining. For the Oil Red O staining analysis, we used ImageJ and the plugin color deconvolution for ImageJ (National Institutes of Health). We measured the positive stained area in relation to the area of the cells (n = 50) for each group. Untreated macrophages served as negative controls.
Gene chip data analysis
Local pooled error test. For statistical analysis, the open source statistical software package R (www.r-project.org) was used including the local pooled error (LPE) test for differential expression discovery between two conditions (15) . Gene chip data were analyzed as described previously (16) . Nonexpressed genes were excluded, followed by normalization of data and log2 transformation to achieve normal distribution. A false discovery rate (FDR) to discover probe sets differentially expressed with FDR ,0.05 (17) . Heat maps were constructed using R in a way that allows all conditions and genes to freely cluster both in the x-(condition) and y-axes (gene). Gene set enrichment analysis. Gene set enrichment was analyzed using an open-access software for gene set enrichment analysis (GSEA) (18) to assess possible similarities between the IL-17A-induced gene expression profile and the known M1 and M2 signatures. The latter were extracted from the gene expression data of monocyte-macrophage differentiation and polarization as published by Martinez et al. (19) (Gene Expression Omnibus data set 2430). Using the LPE test, genes differentially expressed between the M1 and M2 data set were identified and used as M1 and M2 gene sets, respectively. Overexpression of the M1 and M2 gene sets was tested by GSEA in the unstimulated and IL-17A gene expression data. GSEA calculates an enrichment score, which indicates the degree of overrepresentation of these gene sets, and estimates its significance with adjustment for multiple hypothesis testing. Modified principal component analysis and hierarchical clustering. A modified principal component analysis was performed on the previously published M1 and M2 (19) as well as on the new IL-17A gene expression data normalized to the unstimulated gene expression sets as described previously (20) . Briefly, a normalization step was used to avoid bias owing to interexperimental variance. Principal component analysis was performed including all genes that were significantly overexpressed (as determined by LPE) in M1 relative to M2 and all genes that were overexpressed in M2 relative to M1. The first principal components from each of these analyses (independent by definition) were used to define a new coordinate space in which IL-17A gene expression data were plotted. Hierarchical clustering was used to determine the level of similarity between the three normalized groups (21) . All genes were included in the analysis, and the results are displayed in a dendrogram.
Microarray data has been submitted to the Gene Expression Omnibus database under accession number GSE60824 (http://www.ncbi.nlm.nih. gov/geo/query/acc.cgi?acc=GSE60824).
Statistical analysis
Figure data are presented as mean 6 SEM and tables as mean 6 SD. To compare groups of animals, one-way ANOVA (Kruskal-Wallis) was used to compare the groups. Significant differences with p # 0.05 or weak differences with p , 0.1 were specified using Mann-Whitney U or t test, where indicated. For adhesion assays, ANOVA test with Scheffe post hoc analysis was applied to determine significant differences between groups. A p value , 0.05 was considered statistically significant.
Results
Experimental study group
Based on previous dose-finding studies (7), mice in the therapy group were treated with 100 mg anti-IL-17A mAb by i.p. injection once a week for 16 wk. The Mab 3-784-9 was previously shown to be sufficient to deplete IL-17A in vivo (22) . Primer sequences for the quantitative tissue PCR analysis of the thoracic aortae of mice are presented in Table I . No animal died, and no growth retardation (body weight and height) was observed. At 42 wk of age, serum concentrations of total cholesterol, high-density lipoprotein and LDL cholesterol, triglycerides, and whole blood counts did not differ between both groups (Table II) .
IL-17A mAb treatment attenuated progression of advanced atherosclerotic lesions in Apoe 2/2 mice By Movat pentachrome staining, we found that IL-17A inhibition significantly reduced the necrotic core in atherosclerotic plaques compared with control mice (p = 0.007; control, 38,113 6 22,001 versus therapy, 22,546 6 11,080 mm 2 ; data not shown). Accordingly, plaque cellularity was significantly lower in the treatment versus control group (p = 0.01; control, 897 6 255, versus therapy, 608 6 202; data not shown).
IL-17A mAb treatment increased plaque stability in Apoe 2/2 mice Anti-IL-17A mAb treatment resulted in significantly thicker fibrous caps compared with controls (p = 0.008; Fig. 2A, 2B ). In addition, Movat staining showed that IL-17A mAb-treated mice displayed markedly higher amounts of lesional collagen than controls (66%; 32.66 6 8 versus 49.24 6 14%; p = 0.01; Fig. 2A,  2B ). The results of the collagen content in the lesion were confirmed by two-photon confocal microscopy. Treatment with anti-IL-17 mAb resulted in a significant increase of the collagen content in the plaques compared with controls (p = 0.02, Fig. 2A , 2B). These findings were supported by the significantly increased mRNA expression of connective tissue growth factor (CTGF), which is involved in the fibrosis cascade, in IL-17A mAb-treated versus control mice (p = 0.04; Table III ). Total numbers of smooth muscle cells did not differ between the groups ( Fig. 2A, 2B ). Although apoptotic cell death by TUNEL staining was found in both groups, the amount of TUNEL + cells in atherosclerotic lesions was significantly lower in the therapy group (p = 0.03; Fig. 2A, 2B ). (Fig. 3A, 3B ). No differences were found between groups for mRNA expression of LCK (lymphocyte-specific protein tyrosine kinase, a marker of the CD4 TCR), the Th2 cytokine IL4, and the T cell activation marker IFNg (Table III) .
Lesional Mac-2 + macrophages were reduced both in total number and numbers per lesion in IL-17A mAb-treated compared with control mice (p = 0.02 and p = 0.04, respectively; Fig. 3A, 3B ). The proportion of monocyte-originated cells, including anti-inflammatory M2 macrophages, identified by Mac-2 and CD206 staining, was similar between the groups (NS; Fig. 3A, 3B ). mRNA levels of the most potent macrophage chemoattractant CCL2 were significantly reduced in IL-17A mAb-treated mice (p = 0.02; Table III) . Also, the grade of activation of macrophages as determined by TNFa mRNA expression was significantly reduced compared with control mice (p = 0.03; Table III ).
In the baseline group, mean density of CD3 + T cells was 0.08 6 0.009 (mean 6 SD) and MAC-2 + area 28,371 6 17,623 mm 2 in atherosclerotic lesions (Fig. 3) .
B cell numbers did not differ significantly between groups (p = 0.05; controls [mean 6 SD], 0.9 6 1.1, versus therapy, 3.0 6 2.8; Fig. 3A, 3B) .
Protein serum levels of RANTES and GM-CSF were significantly reduced in anti-IL-17A mAb-treated mice compared with controls (both p = 0.04; data not shown).
Effects of endothelial IL-17A stimulation on monocyte and platelet adhesion and platelet rolling Monocyte adhesion was significantly increased after IL-17A stimulation compared with resting endothelial cells (all p , 0.05; Fig. 4A ). Because platelet adherence by IL-17A may support the recruitment of circulating monocytes, we also investigated rolling and firm adhesion of perfused platelets on IL-17A-stimulated HUVECs and found both to be increased under high shear conditions (versus unstimulated, all p , 0.05; Supplemental Fig.  1 ). Representative videos of endothelial cell-adherent platelets are shown in Supplemental Videos 1-3.
IL-17A does not affect monocyte-derived macrophage differentiation
Incubation of monocytes with IL-17A for 6 d did not affect macrophage differentiation at the gene expression (data not shown) or protein level (Table IV) compared with M-CSF.
IL-17A induces a proinflammatory transcriptome in macrophages
The effects of IL-17A on macrophage differentiation and transcriptomes were analyzed after treatment with recombinant human IL-17A (10 ng/ml) or control for 18 h. The 222 probe sets were significantly regulated by LPE test (FDR , 0.05; 162 up-and 60 downregulated) (Fig. 4B) . A substantial number of proinflammatory mediators were upregulated, including cytokines such as IL1A and IL6 or chemokines like CCL2, CCL8, CCL20, CXCL1, CXCL2, and CXCL6. Furthermore, genes involved in oxidative stress were induced, including several metallothioneines (MT1M and MTE). Also, genes coding for surface receptors such as CD14, CD163, or TLR8 were significantly upregulated. By contrast, IL-17A at the same time induced downregulation of several genes implicated in T cell costimulation, including CD40 and CD83 (Fig. 4C) .
We compared the IL-17A-induced macrophage transcriptome with established macrophage polarization types using previously identified gene sets for M1 (LPS/IFN-g), M2 (IL-4) (19), and M4 (CXCL4) macrophages (20) . Although the M2 and M4 gene sets were not significantly enriched, we found a significant overexpression of the M1 gene set consistent with the proinflammatory role of IL-17A and M1 macrophages (Fig. 4D, 4E ). Using the entire transcriptomes of M1, M2, and M4 macrophages normalized to their M-CSF-treated counterparts and performing hierarchical clustering, IL-17A-treated macrophages were distinct from any other macrophage polarization type (Fig. 4D, 4E ).
IL-17A does not affect lipid uptake and macrophage foam cell formation
To assess a possible additive effect of IL-17A and oxLDL on DCand macrophage-dependent activation of T cells, we studied oxLDL uptake and macrophage foam cell formation. Oil Red O staining did not reveal changes in oxLDL uptake after 24-h incubation with IL-17A or control (Fig. 5A, 5B) . Similarly, flow cytometry did not show any changes of DiI-oxLDL uptake in macrophages treated with IL-17A or control (Fig. 5C ).
IL-17A induces proinflammatory mediators in cocultures of oxLDL-treated macrophages or DCs with CD4 + T cells oxLDL is a potent autoantigen and, like LPS, binds to TLR4 (23) . If macrophages were primed with oxLDL for 6 h before coculture with CD4 + T cells, T cell proliferation genes were significantly upregulated as compared with cocultures with untreated macrophages or T cells alone (8 h in Fig. 5D; 18 h, not shown) . Addition of 100 ng/ml IL-17A to cocultures induced marked mRNA upregulation of genes attributed to the Th1 cell linage (T-box21 [T-bet]) or genes associated with T cell activation (IL2 and IFNg, Fig. 5D ; CD40L, data not shown). Furthermore, genes coding for cytokines of the IL-17A pathway (IL21 and IL27) and IL10, but not FOXP3 were upregulated after 8 h and also to a lesser degree at 18 h (data not shown). No change was seen for the Th2 lineage genes GATA3 (data not shown) and IL4 (data not shown). DCs showed a mark higher grade of activation than macrophages; only the transcription factors FOXP3 and GATA3 displayed higher expression levels in T cells, cocultured with macrophages (data not shown). 
Proinflammatory and plaque-destabilizing effects in IL-17A-stimulated human atherosclerotic lesions
To address the effects of IL-17A on human atherosclerotic lesions, we exposed plaque cultures to rIL-17A. Treatment with IL-17A induced mRNA upregulation of various proinflammatory mediators after 3 and 8 h (Fig. 6A, 6B ), including the chemokine MCP-1 (CCL2) (p = 0.0006 after 8 h) and the plaque-destabilizing matrix metalloprotease MMP9 (p = 0.01 after 8 h; Fig. 6A ). In addition, IL-17A induced mRNA expression of the proinflammatory cytokine TNFa (p = 0.01 after 3 h and p = 0.004 after 8 h) and the adhesion molecule ICAM1 (p , 0.005 after 3 h and p = 0.01 after 8 h) and IL6 (p = 0.002 after 8 h; Fig. 6B ). By analyzing the mRNA levels of collagen type 1, we found a significant downregulation in the therapy versus control group (p = 0.007; Fig. 6A ). IL-17A-induced effects were even more pronounced at the protein level (Table V) . IL-6, TNF-a, G-CSF, and TGF-b were significantly upregulated in supernatant, whereas IFN-g was unchanged (Table V) .
To confirm the in vitro effects of IL-17A on macrophage polarization ex vivo, we measured molecules predominantly expressed by IL-17A-polarized macrophages and found increased CXCL1 (p = 0.03; Fig. 6A ), CXCL2, and CXCL6 (both p = 0.04) mRNA expression levels after 3 and 8 h (data not shown). 
Synergistic effects of IL-17A in addition to LPS in the plaque microenvironment
In the presence of LPS, IL-17A stimulation induced .5-fold higher TNFa mRNA expression and 55% higher ICAM1 mRNA expression compared with IL-17A alone (Fig. 6B) . No synergistic effect of IL-17A and LPS was seen for IL6 (Fig. 6B) , IFNg, TF, MCP-1 (CCL2), and MMP9 (data not shown). Interestingly, no additive effects were seen for IL-17A in addition to TNF-a and IFN-g (Supplemental Fig. 2) . This has led to IL-17A as a targeted biologic therapy and is currently tested in phase 2 and 3 studies for the treatment of psoriasis and rheumatoid arthritis. Atherosclerosis as a chronic (auto)immune disease is influenced by IL-17A inhibition as well (5, 7, 8, 11) .
The current study demonstrates that blocking IL-17A with anti-IL-17A mAb prevents progression of advanced late-stage atherosclerotic lesions in Apoe 2/2 mice. The underlying mechanisms include reduced inflammatory cellular infiltration (monocyteoriginated cells and T cells) with attenuation of tissue activation. In addition, blocking IL-17A resulted in reduced plaque vulnerability. In vitro, IL-17A induces adhesion of human monocytes and adhesion and rolling of platelets on endothelial cells and polarizes macrophages toward a distinct proinflammatory macrophage subtype. IL-17A sensitized human macrophages and DCs, as well as the TLR4 ligand oxLDL in vitro, induced upregulation of proinflammatory, prothrombotic, and plaque-destabilizing molecules in human plaques ex vivo, and potentiated LPS-dependent upregulation of various inflammatory mediators. Thus, IL-17A appears to be an important player in not only murine, but also in human atherosclerosis. Atherosclerosis and its consequences (i.e., myocardial infarction and stroke) remain the major cause of morbidity and mortality in Western countries. Several studies have investigated the role of IL-17A in the development of atherosclerosis with partially controversial results (7) (8) (9) (10) (11) (24) (25) (26) , which are at least partially based on the study design, neutralizing Ab versus bone marrow transfer experiments, on the type of diet, and on the location of the analysis of the atherosclerotic lesion. By contrast, the current study evaluated the role of IL-17A on advanced atherosclerotic lesions and its potential impact as a therapeutic target. In contrast to early lesions, advanced atherosclerosis is the common disease phenotype in clinical care, as coronary, cerebral, or peripheral artery disease is usually diagnosed at a stage at which lesions have already developed and progressed. As shown, IL-17A mAb treatment prevents the progression of advanced atherosclerotic lesions and induced plaque stability in mice, mainly by downregulating the inflammatory compound. Thus, IL-17A influences not only early, but also advanced atherosclerotic lesions. Notably, the results only refer to the aortic sinus and cannot be transferred to other vessel regions like the innominate artery.
Plaque vulnerability is the initial step to plaque rupture, which is followed by a vessel occlusion, leading to a myocardial infarction or stroke. The role of IL-17A in plaque vulnerability in the early phase of atherosclerosis has been stated by four groups. In vivo, our group and others found that direct inhibition by anti-IL-17A mAb treatment or Apoe 2/2 /IL-17A 2/2 mice resulted in a stabilization of atherosclerotic plaque (7, 24), whereas indirect inhibition of IL-17A over inhibition of suppressor of cytokine signaling 3 or Smad7 led to plaque vulnerability (10, 11). Okamoto et al. (27) reported that in IL-17A 2/2 mice, CTGF mRNA expression was reduced, and in vitro, a murine skin fibroblast cell line showed an IL-17A-dependent increase of TGF-b, CTGF, and collagen. The current study supports the hypothesis of IL-17A as a plaque-destabilizing molecule. We found that in progressed atherosclerosis, IL-17A inhibition in Apoe 2/2 mice leads to marked plaque stability and increases CTGF expression in the thoracic aorta. The underlying reasons of the discrepant results are primarily due to a different type of mice, stage of atherosclerotic lesion progression, and IL-17A inhibitory treatment used in the studies mentioned above. Thus, the current study identifies the impact of IL-17A in plaque vulnerability in late-stage atherosclerosis; however, additional studies are needed to further evaluate the underlying reasons of the controversial results. Based on the potent effects of IL-17A on murine early and advanced atherosclerotic lesions, we further intended to evaluate the role of IL-17A on human lesions. Previous studies from our group and others have demonstrated expression of IL-17A in human atherosclerotic lesions (11, 12) . IL-17A tissue release is more abundant in patients with ischemic symptoms and complicated lesions, but interestingly independent of the standard coronary artery disease medication (13) . IL-9, known to facilitate Th17 cell expansion and to stimulate production of IL-17, is increased systemically and locally in patients with carotid and coronary atherosclerosis and increased IL-17 release in PBMCs from patients with unstable angina (28) . Focusing on the cellular origin, predominantly macrophages, but also T cells, mast cells, and B cells, express IL-17A (12, 13) . Furthermore, a recent study showed that higher numbers of IL-17A-and IFN-g-expressing T cells are present in peripheral blood of patients with severe myocardial infarction compared with those with stable coronary artery disease. Moreover, cultured lesional human T cells express IL-17A and IFN-g after polyclonal stimulation compared with T cells extracted from nondiseased vessels (29) , and an unstable angina patient presented elevated levels of plasma IL-17A and the Th17-related cytokines IL-6 and IL-23 (30) . In contrast, IL-17A induced collagen production by human vascular smooth muscle cells, and retinoic acid-related orphan receptor gt mRNA was associated with collagen type I and a-smooth muscle actin mRNA expression in human atherosclerotic plaques (11) . In addition, one clinical study showed that low serum levels of IL-17 might be associated with a higher risk of major cardiovascular events (31) . The current study supports the hypothesis of IL-17A to be involved in the inflammatory milieu and plaque instability in atherosclerotic lesions. IL-17A stimulation of human plaque fragments induced a proinflammatory, prothrombotic, plaque-destabilizing, and cellattracting response. Because of the reported synergistic effects of IL-17A, TNF-a, IFN-g, and LPS (7, 29, 32), we investigated a possible additive effect on the inflammatory milieu in cultured human carotid plaques. Only IL-17A in addition to LPS showed additive proinflammatory effects on the plaque microenvironment. Interestingly, the activation of the inflammatory milieu by IL-17A was more substantial than IFN-g or TNF-a alone. The explanation for the discrepant results might be on the basis of different study protocols, including the type of cells and analytic methods used in the studies listed above. In conclusion, the data clearly identify IL-17A as an independent and effective proinflammatory modulator in human plaque microenvironment that may promote plaque instability and plaque rupture; however, further studies are necessary to evaluate the relevance of the findings in the clinical setting. Because IL-17A is prominently involved in early and advanced atherosclerotic lesion formations, we further evaluated the underlying mechanisms by analyzing the impact of IL-17A on monocytes and monocyte-derived cells, which are known to play a major role during disease development and progression (4, 33, 34) . Previous studies have convincingly shown that migratory egress of monocyte-derived cells is a major step (35) , but reduction of monocyte recruitment seems to be even more important in reducing plaque monocyte-originated cells burden (4) . We already showed that IL-17A inhibition reduces lesional chemokine expression (CCL5) in early atherosclerotic lesions and IL-17A induces expression of adhesion molecules on endothelial cells (VCAM-1) (5, 7). Further analysis was done by Butcher et al. (25) showing a downregulation of various chemokines in IL17A ferentiate toward macrophages, DCs, or foam cells (1) . As monocytes and monocyte-derived cells play a major role during atherogenesis and plaque destabilization (35), we thoroughly studied macrophage differentiation, specific macrophages transcriptome induced by IL-17A, and foam cell formation (19, 20) . A recent study showed that IL-17A induced a monocyte-derived macrophage differentiation (36) . The current study clearly shows that IL-17A has no effect on macrophage differentiation or foam cell formation. These contradictory findings may be due to different study protocols and IL-17A concentrations.
But using unbiased statistics as well as methods informed by current knowledge on macrophage polarization, we found that IL-17A induces a specific macrophage transcriptome that is characterized by upregulation of a large number of proinflammatory genes coding for cytokines and various chemokines implicated in atherogenesis like IL6 or CCL2, as well as genes involved in oxidative stress such as metallothioneines. Interestingly, although being predominantly proinflammatory, the IL-17A-induced macrophage transcriptome showed similarities with the proinflammatory M1 macrophages but, at the same time, display characteristics that are in clear contradiction with the classical M1 polarization. Thus, upregulation of the hemoglobin scavenger receptor CD163 is usually associated with M2 polarization (19) . These findings were supported by an upregulation of chemokines predominantly expressed by the IL-17A-induced macrophage subtype compared with M1, M2, and M4 within cultured plaque tissue samples. Taken together, these findings clearly show that IL-17A induces proinflammatory processes in human macrophages through induction of a specific macrophage phenotype, which may be associated with the proatherosclerotic effects of IL-17A. Furthermore, these data add to several studies published over the past years showing that atherosclerotic plaque macrophages do not represent a uniform entity but are composed of various subsets with distinct phenotypic and functional characteristics. Although Bouhlel et al. have demonstrated the presence of both gene transcripts associated with M1 and M2 polarization in human atherosclerotic plaques (37) , other groups including ourselves have shown that further macrophage phenotypes can be identified within the arterial wall in atherosclerotic patients (20, 38) . It is very likely that IL-17A also affects macrophages within atherosclerotic plaques. Further experiments are needed to specifically study how these effects specifically promote plaque progression or destabilization.
Apart from LPS, autoantigen oxLDLs found in the plaque environment are also candidates for TLR4-dependent activation of lesional monocyte-derived macrophages and DCs (39, 40) . TLR4 is known to play a major role in plaque inflammatory activation. Methe et al. (41) showed that circulating monocytes during acute coronary syndrome overexpress TLR4, and TLR4-lacking Apoe 2/2 mice showed reduced atherosclerotic lesions (42) . The current study shows that IL-17A sensitizes APC, cocultured with T cells, toward pathogen-derived TLR4 ligand oxLDL by upregulating various molecules of the Th1-and IL-17-expressing Th cell lineage, but not markers of the Th2 lineage. These effects do not derive from an IL-17A-dependent increased oxLDL uptake of macrophages. The in vitro findings were supported by an additive effect of IL-17A to LPS on cultured plaque tissue samples. Thus, IL-17A is also involved in Ag uptake-dependent immune response, a major step in atherogenesis and plaque instability. In summary, IL-17A appears to be centrally involved in advanced atherosclerosis, most likely via proinflammatory changes at multiple levels such as chemoattraction, cell rolling and adhesion, cell activation/polarization, and sensitization of Ag presentation in the inflammatory cascade of atherosclerosis. Together with previous studies of our group and others, the current study underlines IL-17A as an independent important proatherogenic cytokine and warrants further experimental and clinical studies of this cytokine. Consequently, blocking IL-17A could be an attractive therapeutic approach for the prevention of atherosclerotic lesion progression.
